Abstract. Due to the fact that the treatment of breast cancer depends significantly on the molecular markers present in the cancer, including estrogen receptor (+), progesterone receptor (+) or erbB2 receptor (+), further investigation targeting triple-negative breast cancer (TNBC) subtypes may assist in elucidating the mechanisms of recurrence of TNBC and enable the identification of novel therapeutic strategies for patients with TNBC. The aim of the present study was to compare the gene expression profiles between TNBC samples that were identified as having recurrent and non-recurrent statuses. Between June 2011 and May 2012, a total of 30 patients with TNBC were examined using a follow-up period of at least 5 years. Their clinicopathological information was retrospectively reviewed and they were classified with a status either of recurrence [n=15 stage II (9), IIIA (2), IIIC (4)] or non-recurrence [n=15 stage II (6), IIIA (1), IIIC (8)]. The total RNA from tissue samples obtained from the recurrent and non-recurrent TNBC patients were used to performed oligonucleotide microarray analysis. The dataset was analyzed using GeneSpring software and validated using reverse transcription-quantitative polymerase chain reaction. Principal component analysis demonstrated that there was a marked difference in the gene expression distribution between the stage IIIc recurrent samples and early stage (stages IIa, IIb and IIIa) recurrent samples. In early stage recurrence, the significant pathway-associated upregulated genes were matrix metalloproteinases (MMPs) and genes associated with cancer cell migration (CDH2) and cell adhesion/motility (KRAS, CDC42, RAC1, ICAM and SRGAP2). By contrast, during stage IIIc recurrence, the significant pathway-associated upregulated genes in the recurrent samples were WNT signaling genes, including WNT 4 and WNT 16. It was concluded that there were markedly different distributions and gene expression profiles between stage IIIc recurrent TNBC tumors and early stage (IIa, IIb, IIIa) recurrent TNBC tumors, which provides important information for the development of effective treatment strategies for TNBC.
Introduction
Breast cancer is the most common type of invasive cancer in females worldwide (1, 2) . In addition to conventional prognostic factors, including tumor size, lymph node status, estrogen receptor (ER)/progesterone receptor (PR) status, erbB2 receptor (HER2) status, several other biological markers, including Ki67, tau and topo II, have been investigated in order to correlate their status with the prognosis of patients with breast cancer (3, 4) . Due to a lack of specific receptors, triple-negative (ER-, PR-, HER2-) breast cancer (TNBC) exhibits marked resistance to chemotherapy, hormone therapy and targeted therapy (5) (6) (7) . The subtype comprises ~15% of all cases of breast cancer and results in tumors, which are typically larger in size and higher in grade, compared with other types of breast cancer.
The identification of intrinsic subtypes of breast cancer has provided a number of novel therapeutic targets and enabled the design of novel clinical trials (8) . Due to the lack of specific therapeutic targets with TNBC, previous studies have aimed to identify novel molecular markers, including 8, 9 and YI-MING SHYR phosphoinositide 3-kinase, epidermal growth factor receptor (EGFR), cell-cycle regulatory proteins, heat shock proteins, epigenetic pathways and androgen receptors, and clinical trials have been performed (8, 9) . In this context, the loss of androgen receptor expression has been found to predict early recurrence in triple-negative and basal-like breast cancer (10) . However, the therapeutic outcomes have not reached initial expectations. Previous genome-wide association investigations have identified genetic variants, which are associated with an increased risk of developing breast cancer. Furthermore, gene expression profile analyses have provided multi-gene signatures associated with TNBC carcinogenesis (11, 12) . Although investigations are increasingly focussing on the recurrence (5, 6, 13) and treatment (7) of TNBC, the molecular profiles of paired specimens obtained from patients with and without subsequent recurrence require further investigation. Therefore, the aim of the present study was to investigate and compare the gene expression profiles obtained from patients with TNBC, with and without recurrent status.
Patients and methods
Human TNBC tissue samples. In the present study, 30 patients, who had been diagnosed with TNBC based on pathological confirmation (ER <1%; PR <1%; HER2, not amplified) and who had been followed up for ≥5 years were recruited between June 2011 and May 2012. The tumor stage of these patients was determined using the American Joint Committee on Cancer TNM system (version 6; Springer, Inc., New York, NY, USA). The clinicopathological information was retrospectively reviewed and identified as either recurrent [n=15, stage II (9), IIIA (2), IIIC (4)] or non-recurrent [n=15, stage II (6), IIIA (1), IIIC (8) ] at the end of the investigation period (2011-2012). Subsequent to obtaining informed consent from the patients, tumor specimens were obtained during surgery and were stored in liquid nitrogen under the regulations of Taipei Veterans General Hospital (Taipei, China). The present study was approved by the institutional review board of the hospital (2011-06-001GCF; Taipei, China) for microarray gene expression profiling analysis. The tumor tissues were divided into two groups; the recurrent group, defined as the patients being having a recurrence status years later, and the non-recurrent group, defined as those without recurrence at the end of the investigation.
Isolation of RNA from tumor tissues and oligonucleotide microarray analysis. Total RNA was isolated using a modified single-step guanidinium thiocyanate method (TRIzol reagent; cat. no. T-9424; Sigma-Aldrich, St. Louis, MO, USA). The concentration of total RNA required for oligonucleotide microarray analysis was ≥0.6 g/l with a quality ratio ≥1.8 for absorbance at 260/280 nm and 260/230 nm using a NanoDrop 1000 (Thermo Fisher Scientific, Pittsburgh, PA, USA). Suitable RNA samples were then sent to Genome Research Center, National Yang-Ming University (Taiwan, China), for analysis with the human Affymetrix expression set, Hu-133 2.0 (Affymetrix, Inc., Santa Clara, CA, USA). The dataset obtained was analyzed following normalization against the global signal. The relative expression levels for each gene were obtained using GeneSpring software (GeneSpring GX 11.5; Agilent Technologies, Inc., Santa Clara, CA, USA) and further pathway analysis using Ingenuity Pathway Analysis software (IPA; Qiagen, Redwood City, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Following extraction of tumor total RNA, complementary DNA (cDNA) was created using a First Strand cDNA Synthesis kit (Invitrogen Life Technologies, CA, USA). TaqMan ® Gene Expression Assays (Invitrogen Life Technologies) were then used to validate the differential expression at the mRNA level of various identified genes, such as MMP9 and SERPINE1 set in the recurrent and non-recurrent TNBC samples. The TaqMan system is supported by a well established primer database, which significantly reduces experimental failure due to inappropriate primer design (Invitrogen Life Technologies). All samples were analyzed in triplicate.
Statistical analysis. Analysis of the microarray dataset was divided into three steps. Firstly, the differentially expressed genes were identified using Student's t-test and a repeated measures one-way analysis of variance. The purpose of this step was to identify a gene set associated with recurrent TNBC and with the various cancer grades. Secondly, clustering analysis was performed to validate the performance of the identified gene set, through separation of the different cancer groups, namely recurrent, vs. non-recurrent TNBCs and grade 1, vs. grade 2, vs. grade 3. The purpose of this step was to reduce the number of gene sets originally obtained and to obtain gene sets, which were optimal for cancer subtype classification. The final step was gene set annotation using GeneSpring software and IPA. Gene, Gene Ontology and pathway information were integrated in order to evaluate the biomedical importance of the identified gene sets.
Results
Clinical and pathological information, which was obtained by retrospective review completed at the end of 2012, resulted in two groups of patients, which were divided into those with 
Hierarchical clustering analysis of 30 patients with triple-negative breast cancer.
A microarray dataset of the 30 TNBC samples was collected and a total 54,675 genes were eligible for analysis. Gene expression data were normalized against normal tissue controls using quantile normalization. The molecular characteristics of the TNBC were investigated at the mRNA level, according to previously described criteria (8) . Hierarchical clustering analysis of the 30 TNBC samples, of which 15 were non-recurrent and 15 were recurrent, was performed to identify genes that were upregulated by ≥2-fold. The results demonstrated no significant clustering among the non-recurrent and recurrent samples (data not shown).
Principal component analysis of 15 patients with recurrent triple-negative breast cancer.
To investigate the level of heterogeneity within the recurrent tumor samples, principal component analysis was performed and the results demonstrated a marked difference in distribution between the stage IIIc recurrent samples and the early stage (stage IIa, IIb, IIIa) recurrent samples (Fig. 2) . Thedr results suggested that the gene expression profiles of the stage IIIc TNBC tumors were different from those of the early stage TNBC tumors, and they were also different from those of the stage IV, metastatic tumors (data not shown).
A number of significant pathways involving specific genes were either upregulated or downregulated during the early stages of recurrent TNBC. For validation of the microarray information, RT-qPCR was performed on selected genes, including MMP9 (Fig. 3A) and SERPINE1 (Fig. 3B) .
Using bioinformatics software analysis, the 30 TNBC samples were further stratified into four subgroups depending on stage, classified as early stage (IIa, IIb, IIIa) or stage IIIc, and recurrence, classified as non-recurrent or recurrent. In early stage recurrence, the significant pathways with upregu- lated genes in the recurrence samples included the osteoblast and ossification pathway, the serotonin receptor 2 pathway, various prostate cancer genes and the epidermal growth factor (EGF)-EGFR pathway ( Fig. 4A ; Table I ); while the significant pathways with downregulated genes included the actin cytoskeleton pathway, the G protein pathway, the inflammatory response pathway and the insulin synthesis pathway (Table II) .
Metastasis-associated gene expression in early stage recurrent TNBC.
Since metastasis is a mechanism associated with tumor recurrence in TNBC, a subset of overexpressed genes were identified in tumor samples obtained from the patients with early stage (IIa, IIb or IIIa) TNBC, who had undergone subsequent tumor recurrence. These included genes encoding MMPs, genes involved in cancer cell migration (CDH2) and genes involved in cell adhesion/motility (KRAS, CDC42, RAC1, ICAM and SRGAP2) (Fig. 4B) . Notably, genes associated with tumor stemness and angiogenesis were not overexpressed in these tumor samples.
Significant pathways in stage IIIc recurrent TNBC associated with upregulated and downregulated genes. In contrast to the observations for early recurrence, the significant pathways involving upregulated genes present in stage IIIc recurrence samples included the WNT signaling pathway, glycogen metabolism pathway, integrated pancreatic cancer pathway, mitogen-activated protein kinase (MAPK) cascade pathway, brain-derived neurotrophic factor (BDNF) signaling pathway and prostaglandin synthesis pathway (Table III) , while the (Table IV) .
Stemness-associated gene expression in stage IIIc recurrent TNBC.
Since cancer stemness involves self-renewal ability and aggressive behavior, it was not unexpected that a subset of overexpressed stemness genes, including CD44, WNT 4 (Fig. 5A) . In addition, a gene set associated with angiogenesis ( Fig. 5B) , but not metastasis, was to be overexpressed in these tumor samples.
Functional pathway analysis. In order to elucidate the possible networks involving the pathways identified in the present study, the above-mentioned upregulated and downregulated genes in the early stage and stage IIIc tumor samples were investigated using ingenuity pathway analysis. The network shown in Fig 6 represents the significant pathway network incorporating CDK1 and STAT1, which regulated cell growth in the early stage TNBC tumor samples. By contrast, Fig. 7 shows the significant pathway network incorporating PTGS, RAS and WNT, which promoted angiogenesis and stemness in the late stage TNBC tumors.
Discussion
It has been suggested that TNBC is not a complete proxy for basal-like breast cancer. Although an appreciation of the significance of basal-like breast cancers predates gene-expression investigations by a number of years, this term was not in widespread use until later (14, 15) . Several of the most well-known genes associated with basal-like breast cancer, including keratin 5 and keratin 17, do not differ significantly different between caucasian and Asian populations (16) . This observation is contradictory to the fact that the epidemiology and prognosis of breast cancer between different ethnicities is generally reported to be different (17) .
There is no internationally accepted definition of these tumors. However, the majority of basal-like cancers are also TNBCs, and the majority of cases of TNBC (~80%) are also cases of basal-like breast cancer; therefore, it has been suggested that the triple-negative phenotype and the basal-like phenotype are effectively synonymous (15, 16) . However, clinical, microarray and immunohistochemical observations have demonstrated that this is not the case (18) . The present study enrolled TNBC cases with ER (<1%), PR (<1%) and non amplified HER2. Furthermore, in the present study, the gene expression levels of basal-like breast cancer specific genes, including keratin 5 and keratin 17, were not uniquely upregulated, which was in agreement with those previously reported in Asian TNBC patients (16) , indicating that these types of cancer do not possess basal-like breast cancer characteristics. Compared with previous study designs that used tumor and non-tumor samples for TNBC analysis, the present study was the first, to the best of out knowledge, to focus on the analysis of paired recurrent, vs. non-recurrent TNBC samples. Therefore, the design of the present study was likely to identify potentially important biomarkers and therapeutic targets for the treatment and prevention of TNBC recurrence. It was hypothesized that the TNBC population is heterogeneous and that various subgroups will exhibit different, and possibly specific, expression signatures. The identification of such signatures offers potential perspective into the individualized treatment protocols that are available. These signaling pathways are also likely to be involved in the upregulation of metastatic and/or cancer cell self-renewal genes, leading to higher levels of metastatic activity and resulting in the recurrence of TNBC.
TNBC is a highly diverse type of cancer, and subtyping of TNBC tumors is necessary in order to identify appropriate molecular-based therapies. Evolving technologies are permitting increasing quantities of molecular data to be obtained from tumor tissues, which enable the development of more personalized treatment strategies (19) . In this context, whether all basal-like cancers are enriched with cancer stem cells or whether they have a disproportionately high content of cells undergoing epithelial-to-mesenchymal transition (EMT) remains to be elucidated (20) . In the present study, which focused on the molecular mechanisms in paired specimens obtained from patients with and without recurrence, the results suggested that the significant pathways involving upregulated genes that are present in stage IIIc recurrent samples included the WNT, glycogen metabolism, integrated pancreatic cancer, MAPK cascade, BDNF and prostaglandin signaling pathways. In addition, the presence of overexpressed stemness genes, including CD44, WNT 4 and WNT 16, were also identified. By contrast, a different subset of overexpressed genes, which included genes encoding MMPs, and genes involved in the cancer cell migration (CDH2) pathway, cell adhesion or motility (KRAS, CDC42, RAC1, ICAM and SRGAP2) and EMT (TWIST1), were identified in the tumor samples obtained from patients with early (stage IIa, IIb, IIIa) tumors. These observations may be useful for biomarker selection, drug discovery and clinical trial design, all of which may assist in the identification of appropriate targeted therapies for patients with TNBC (13).
Kuo et al (13) reported that deregulated genes within the transforming growth factor (TGF)-β signaling pathway were markedly involved in the distant recurrence of TNBC (13) . The overexpression of TGF-β1 has been observed to be mediated by two upstream regulators, tumor necrosis factor and IL-1β, which are known mediators of the immune/inflammatory response; furthermore, TGF-β1 itself is crucial to the regulation of T cell-mediated immunity (21) . In the present study, similar deregulation of the inflammatory response pathway and the IL-2 signaling pathway were observed in the samples from patients with stage IIIc TNBC recurrence. Taken together, these findings suggested that the distant metastatic invasion of TNBC may be induced by immune/inflammatory deregulation.
According to the St Gallen consensus for chemotherapy guidelines (22) , all triple-negative patients are recommended to receive adjuvant systemic chemotherapy in combination of anthracycline-based regimens with taxanes, however, this approach often results in serious side effects in patients. A number of pathway-targeted agents, including EGFR inhibitors, DNA repair pathway inhibitors and anti-angiogenic agents, have been used in clinical trials as targeted therapies for TNBC (7, 23) . These may be used, alongside traditional chemotherapy treatments, to treat triple-negative patients with an unfavorable prognosis. The gene profiling in the current study may provide a prognostic predictor and, thus may become a clinically useful tool for the identification of triple-negative patients who are at low risk of recurrence. The subsequent provision of moderate doses of combined regimens, or the anthracycline-based regimens alone, in these patients can be offered to reduce patient side effects. Among the stage IIIc recurrence group, the prostaglandin synthesis and regulation signaling pathway exhibited significant alterations in expression. COX-2, an inducible form of cyclooxygenase, is the rate limiting step in the production of prostaglandins, which has been suggested to be involved in long-term inflammation and the promotion of cancer growth. Therefore, the results of the present study suggest that this pathway is likely to be important in the late stages of tumor growth and metastasis.
